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ABSTRACT 20 | (/}

This report presents an analysis of the externally pressurized
combined journal thrust bearing where the flow from the journal
bearing feeds a double acting, annular thrust bearing. The analysis
assumes a large number of feeder holes such that the two journal
bearing feeding planes are treated as line sources. Furthermore,
small displacements are assumed. The solution obtains results

for flow, radial and axial stiffness and dynamic angular stiffness
and damping, all for the concentric journal position. Two computer
programs have been written and instructions for their use are in-

cluded in the appendicies.

Two numerical examples are performed and the results are presented

graphically. W
A ’




INTRODUCTION

In the application of the externally pressurized bearing it fre-
quently happens that both a journal and a thrust bearing is re-
quired. Then it may be advantageous to combine the two bearings
such that the flow leaving the journal bearing feeds the thrust
bearing thereby reducing the total flow consumption. No loss in
stiffness or load is necessarily encountered if the supply pressure
is increased to compensate for the relative reduction of pressure
drop available to each bearing. For a gyro gimbal axis bearing
this feature is obvivusly desirable. Hence, there is a
establish an analysis for predicting the performance of the com-
bined bearing and for selecting the optimum bearing and orifice

dimensions. This is the purpose of the present report.

The combined bearing consists of a journal bearing fed through orifice
or Millipore restricted feeding holes in two symmetrically located
feeding places. At each end of the journal bearing is an annular

thrust bearing with an annular pocket closest to the journal bearing.

It is wanted to calculate the load, the flow, the stiffness and the
angular stiffness of the combined bearing and the effect of the various
bearing dimensions such as radial and axial clearance, pocket dimen-
sions, etc. An exact analysis is prohibitive primarily due to the
difficulties in an accurate feeder hole representation and the circum-
ferential variation of the journal bearing film thickness. Furthermore,
from a design viewpoint a simplified analysis which properly accounts for
the essential parameters may be of more value than an exact, but complex
and time consuming solution. The presented analysis assumes that the
number of feeder holes is sufficiently large that the feeding planes be-
come line sources. 1In addition it is assumed that both radial and axial
displacements are small in comparison with the clearances or, in other

words, the solution gives the stiffness for the concentric position. The

calculation of the angular stiffness includes the effect of frequency upon

the stiffness and the damping for use in a vibratory response investigation.




The analysis has been programmed for computer calculation. Two

programs are written: one for the static stiffness and flow and one

for the dynamic angular stiffness and damping. Instructions for use

of the programs and data input forms are given in appendicies. Two
numerical examples have been calculated: one for the static stiffness
and flow as a function of bearing dimensions for the NASA AB-5 Millipore
bearing and one for the dynamic angular stiffness, damping and resonant
frequency of the NASA AB-3 Millipore bearing. Comparison with test
results indicates that the analysis predicts too large a stiffness, but

caiculates the fiow accurately. Furthermore, quaiitarively the results

are reasonable and hence, should be valid for design selection.




DISCUSSION




DISCUSSION

The present analysis follows the methods developed by MTI under
a previous contract with NASA (Reference 1). Two simplifying
assumptions are: a) line source feeding replaces localized source

feeding, and b) displacements are small.

The first assumption allows the bearing to be solved independently
of the feeder characteristic and the second assumption linearizes
the equations involved. From a practical point of view, this
method ensures a minimum of essential parameters and short time

and low cost for obtaining results. The data are in a form which
adapts itself readily to clear and easily interpreted design charts.

This is of importance when a bearing design has to be selected.

It is possible to obtain a more accurate solution, at least in
principle, where the gas is fed at discrete points and the static
displacement is finite (see Refs. 2 and 3). Such an analysis is
considerably more complicated and requires a larger number of para-
meters. Therefore, each design point must be calculated separately
which is both time consuming and costly. A comprehensive under-
standing of parameter changes and their relative importance is not
readily acquired and the effort involved in the theoretical study

may approach the effort spent in a corresponding test program.

As a first step in establishing an analysis for the bearing config-
uration under study an analysis as complex as the one just outlined
does not seem justified at present. Furthermore, the given config-
uration is rather special and should await a refined theoretical in-
vestigation until more experience has been obtained on simpler and more
general geometries. There are even indications that it may be possible
to establish a form of equivalence between line source and point source
feeding in which case the accuracy of the present analysis could be

improved without drastic changes.




The analysis is divided into two parts: one for the radial and

axial static stiffnesses and one for the dynamic angular stiffness.
The first part is intended primarily for design selection and
optimization whereas the second part is undertaken to ensure that
the combined journal-thrust bearing does not have an inherent loss
in angular stiffness. Subsequent comparisons with test results

have shown that the calculated stiffnesses may be as much as 50%
larger than the measured values. This discrepancy is primarily
caused by the assumption of line source feeding as discussed briefly
in Ref. Z. The caliculated fluw and axial stiffness
with experimental data. It should be noted that once the correct
flow is obtained the calculated axial stiffness should be close to

the measured value since no feeding takes place inside the thrust

bearing.



RESULTS
The analysis is covered by two computer programs:

1. PNO109: Stiffness and Flow of the Hydrostatic Combined
Journal-Thrust Bearing.
2. PNO135: Angular Dynamic Stiffness of the Hydrostatic

Combined Journal-Thrust Bearing.

The instructions for using the programs and interpretating the output
results are given in Appendix A and Appendix B. Input forms are also
included. The analyzed bearing geometry is shown in Figure 1. It
should be noted that in calculating the static stiffness (PN0O109)

the thrust bearing pocket is assumed to be so deep that the pressure
is constant in the pocket. This assumption is not made in calculating

the dynamic angular stiffness (PNO135).

The computer results from PNO109 may be given in actual dimenions
(i.e. lbs/in, ccm/min. etc), if so desired. PNO135, on the other
hand, gives only dimensionless results. The conversion to actual

dimensions is described in Appendix B.

lst Numerical Example: Static stiffness and flow of NASA AB-5 Millipore

Bearing. Referring to Fig. 1 the bearing dimensions are:

L = 1.977 inch

L1 = 1.253 inch

D = 2.1625 inch

R2 = .65 inch

N = 48
The radial clearance C, the axial clearance CT and the inner pocket
radius R1 are treated as variables in order to select the optimum

values. The gas is air at 70°F, i.e.

viscosity, p = 2.83 - 107° lbs-sec/in’
(gas constant) . ( total temperature), R T = 342,500 in.




The Millipore coefficients are as given for NASA AB-5, Sleeve 4,
Appendix A, Page 31. The calculated results are shown graphically
in Figs. 2 to 8 for radial clearance values of .25 to 1.25--10.3 inch
also for three values of the clearance ratio CT/C and for three
supply pressures. Three values of the inner pocket radius are used,

i.e. R, = .76, .86 and .96 inch. The detailed calculations are only

1

given for Rl = .86 i.e. Figs. 2-7, but the variation with R1 is
summarized in Fig. 8 for equal radial and tangential stiffness for

the optimum condition.

2nd Numerical Example: Dynamic Angular Stiffness and Damping of

NASA AB-3 Millipore bearing. The bearing dimensions are (Fig. 1):

L = 1.183 inch
Ll = .783 inch

D = 1.422 inch
R1 = .585 inch
R2 = <425 inch

cC = .00071 inch
CT = .00082 inch
CH = .00107 inch
N = 48

The Millipore coefficients are as given for NASA AB-3, Appendix A,
page 31. The gas is air at 70°F and the ambient pressure is 14.7
psia. Three supply pressure values are considered: &P = PS - Pa = 5,

10 and 15 psig.

The angular stiffness and damping are calculated for three vibratory
frequencies: 3.45, 250 and 500 CPS to evaluate the effect of gas
compressibility due to frequency. These results are then used to com-

pute the corresponding resonant frequency:

Ne= il 5= V1= (B2

where
N. = Resonant frequency, CPS
K, = angular stiffness, lbs~in/rad.
Ba = angular damping, lbs-in-sec/rad.




Bc = critical damping = 2 K I lbs-in-sec/rad
T>
IT = transverse mass moment of inertia, lbs-in-sec

and the log decrement :

= mBNI-BT = gl 2)

where X, and x, are the values of two successive amplitudes to the
same side. The transverse mass moment of inertia is IT = 477 g-cmfsecz.
The results are summarized in a table:

Angular Stiffness and Resonance of AB-3

Millipore Bearing

Radial Axial Angular Angular B_. Log X Reson.

AP Flow Stiffn. Stiffn. Freq. Stiffa.  Damping (30) Decr. —- Freq.
| | 2

PSig Ml Kofem Kefem - CPS Kpomfy Mpomsepy. B CPS
3.45 397 .618 .698 6.11 45 104

5 358 5,330 2,680 250 515 .45 .451 3,18 24 148
500 705 .354 .304 2.05 7.8 185
3.45 925 .601 454 3.20 25 198

10 860 11,800 6,150 250 1,025 b .315 2.08 8.0 221
500 1,190 .345 .228 1.47 4.35 245 .
3.45 1,600 .59 .334 2.23 9.3 273

15 1545 19,200 10,450 250 1,680 426 .239 1.54 4.7 289
500 1,820 .332 178 1.14 3.15 306

Comparison with test results shows that the calculated stiffness is up to
50 percent larger than the measured value. Hence, the resonant frequency
is also too high but fair agreement is obtained with the calculated log
decrement. Furthermore, the qualitative trend predicted by the analysis

agrees with the experimental data.
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A comparison between the combined journal-thrust bearing and the
bearing, where journal and thrust bearing are separately fed, has
been made on the basis of angular stiffness. For the same flow the
combined bearing has a higher angular stiffness. The reason is that
for the small operating flows the separately fed thrust bearing is
very ineffective for angular displacement whereas in the combined
bearing the thrust bearing becomes partly an extension of the journal
bearing.
Tinally a ity calculation has been performed.
Since the present analysis does not take the dynamic radial and
axial stiffness into account use is made of the analysis of the
dynamic journal load in Reference 1. The criterion for instability
is that either the demping or the stiffness becomes negative. The
calculation assumes that AP is kept constant while the ambient

pressure is reduced until instability occurs. For the above AB-3

configuration the following results are obtained

AP Ambient Pressure for Instability
psig psia

5 4.0

10 6.8

15 9.1
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ANALYSIS

The bearing geometry is shown in Figure 1. The bearing consists

of a journal bearing fed from two feeding planes, each with 1/2 N
equidistant restricted feeding holes around the circumference.

The flow from the journal bearing feeds the two end thrust bearings.
The thrust bearing is an annulus with a circumferential step such
that the outer part forms a pocket whereas the inner part serves

as a seal.

The supply pressure is denoted PS, the downstream pressure from
the feeding hole is Pi and the ambient pressure is Pa' The gas
film thickness is h. Then the pressure in the gas film is des-
cribed by Reynolds Equation (Ref.l):

2
&RE|+ 4R &

c) (Ph)
T 268 55—

(1) journal bearing:

] -
(2) thrust bearing: —;%[rﬁrg—f] [ﬁ éd_] 2dT£)é(’_':'>-h—)

under the assumption of isothermal conditions and no rotation.

The equations are dimensionless such that:

-—

§=-;- ’l‘=wt__ h=% = |+€wse P

59|-u

R
r:—‘%z hT‘_- _.'C‘:: ='+ET
and »
- L?_Lw(&)
(3 (o] B C
2 2
- LA*_&) (&Q_
() o= T (CT =0 RC1->
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The orifice feeding is approximated by a line source at §==O

(See Fig. 1):

3[_ oF° oP?
®) h[ aT !‘o+ C)—I.‘IFE‘] = AeVm
where:
(6) j\t:= 6 hla \Eiﬁz

"R

(7 V = E

© me MET (B (af?

To solve Egs.(l) and (2) with Eq. (5) as a boundary condition a
first order perturbation solution is employed. The analysis is
performed in two parts: a) static load (4=0) and b) dynamic,

angular stiffness.

Static Load (4=0)

To obtain a first order perturbation solution set:

9) P=P,+eP + &R
Such that:

h’= 1+ 3¢ ese

h?-: ':’:381'

Pe= B2+ 26 PP +2¢.RF,
Substituting into Egqs. (1), (2) and (5) we get:

~
3R oP?
= 0 Mo o
a0 e * a1’ =0
2 2 2
(11) aa(P;P') + ad(%lﬂ) =0 (since g—e-%ro ) PJournal bearing
F(RR) , J(BR)
12) -+ )
( de? or? =0
>




Lo IR A
(13) Fo_r["' dr] + o =0
2 2
(14) ‘,'?%[Y‘ %(Em]"‘ if?fz):o (since%—E-:O)}thrust bearing
1o, oBR)T. J'(BR)
an Falr et |+ Sad=0 )

?
aey -S&| 4 &I o )V,

an TL' 0T, b 2 AVm,cose + Y (RP),
15) a(Pon), _ o(RR)

3 i

where m is given by Eq. (8) with Pi = PO i and
Ay Im
(19) = — =t gh l
W 2 Pyt C)(V') Pi=Py

The zero-order solution is:
200 lerey Bo=l+g, lnr
(21) Yy&r<n E,z‘—‘ I+ (qT-qH)an + 9 Inr

(22) D&T <%, P*= l+[(c‘c;.)3lha + (&ﬁh(?)"‘}'{l]q_
(23) 0¢ 1 ¢§ Ri=1+ [(é)‘"x + (%,,)3"'(?) *fz]@

where:
(24) In= (chjﬂ 9= (a)sq

(25) g= AVm,

-13-
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Since the downstream feeder hole pressure P  is given by Eq. (23)

i
and m_ is given by Eq. (8), Eq. (25) may be solved for P and,

hence, for q.

To obtain the solution for POPl set:

(26) R P = Hcose

The solution becomes:

27y lércy H= A, (r- #]

b1

(28) géréﬂ H= A3(r+°—,f)
(299 0«0 % H=-A, (cosh§ + w-5inh]) + 1 g sinh]
COS‘I!:
@oy 047 H=~A, coshE,
where:
- (&) )
_ Cul! ¥*=1
oo =Y e %_4_:
- g 3 2+x
(32) ) (CH) ﬂ_—fq‘l—x

(33) ¥ = tanhf +VY

sinh, + A (cosh§, —1)

-3
e A= 34 (142 ) cosh, + (\+) sinh§,

(35) A = %q‘)‘ cos"fz""l"‘.il‘hhfz—]
3 m+ %‘ (|+M?)(oshfz+ (,\+1,) St'hhf,
_ | 2yt

(36) A, = Y1+ (EF1) A,
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Due to axial symmetry PoP is independent of 8. The solution is:

2
an  lirey PP, = B, lnr
(38) Yirsnm PP = Bylnr +G
@9 0474k b f = (F}" +1) 8,
woy 04T € RE= Hgﬁy 5
where:

(c,)(l )lh 3) +(g_:)3 §+ l+§.'!’)

w) B =32
= 29 [rcxw+[(z§:‘l lny + (&2 (;2 l+§.\r)
“2) B,= %9 (e (5:+ +iey) — (€)' (1- &) by

tn»ﬁ[@*t)-lhnw( )(s+1—;',7)
(EF (1~ E)m +[ (2~ &2+ v

ey + [ (22 ) l]lh + (&= (§z+l+§1y)

3
24 — (88,

) C=2qln

(44) B,

The radial and axial load is obtained by integration:
11yl

w5
(45) \/\/,.=—2PaR2£H [P,cosedgde +$ jﬁcosedee]

33

we) We= 2ER ET“,, rF; rdrde + rer rdrde ]
! o Xy

Hence, the dimensionless radial and axial stiffness become:

(

. _ T A, tanh§, lA ((of’mfﬂ)fm“) 2g5inh] }
“7) < DL(R-F.) A5V [ Pos * g R 4]




. A [ rordr (" r(Bur+G)dr
ETRER)(B-R)  (o=D(v-1) |™ ,Vl+qunr ,Vl+(qr—q.,)ln(r+¢,,lnr]

The dimensionless total mass flow is:

- _bu@T
1 T RIC? M‘l‘ow
or in alternate form

(50) mo—_—_— _L - ‘ !!Efg Wé—‘,—:

’A't V N 7,‘“2 g

The axial displacement causes a change in flow through the thrust

(49)

bearings:
6!1\ aT - +[ £I3 __3. +'\'"‘:,"ET

Dynamic Angular Stiffness

Let the journal perform vibrations with angular displacement o
and frequency @ around the concentric position such that the

dimensionless gas film thickness becomes:
R it
(52) journal bearing: "\ = l“ C §,de (ose
S|+ R it
(53) thrust bearing: HT- Cr roe Cse
for the right hand part of the bearing in Figure 1. Considering
first the journal bearing, a first order perturbation in o 1is

employed setting:

(54) P=R +deP

P*=P'+24 e PP

R i
h*=1-3¢ T dewse

-16-
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Introduce:
R
(55) PP =¢C H(T) wse

and subsitute into Eq. (1) to get:

P2
(56) & =0
25
A 2
(57) \i—(|+ L\H = 3—%—5’-1’63
o4 'ol < oy “i

3R _
Since Jg =0 because of symmetry. The solution of Eq. (56) is

given by Egqs.(22) and (23). Eq.(57) may be solved between the
feeding planes:

7 - i8R, ] sinh [ (a+if) l:dPoi.L
(58) u;‘_gl. H [Ho l""‘p%( S""hf,(okﬂ‘/” + ’+ 1&’;

where:

(59) A+ifd = \/l+ P

i.e.,

(60) °(=\/?|[|+V H(%.:)z]
(61) p= \/%[‘H'V |+(8) ]
H

(62) o=Hy g

and Poi is given by Eq. (23)

The boundary condition for Eq (57) then becomes:

o
é—?'?o =—3q5 + 47 ,” +VH,
(63) d%l’[:o =" ;25- ‘if. - ;::Sﬁs [E(dﬂ/}) Cothi, (dﬂﬁ) } [(dﬂ"/.»(oth}', (alﬂ'ﬁ) +'I}J]HD



Eq. (57) may be written:

(64) 04T <F, f(l%" —EH =F
where

(65) E=I1+ i—és

(66) F=-3q-isR(F+1)

Eq.(64) may be integrated twice to get:

(67) H= [:(g—x)c.dx + %{L;LI + H,

(68) G=EH+F

In finite difference form Eq. (67) becomes:

69) 0O0&En<m-| H,,+,=H,,+(AI)Z[ GtQ,t-----+G, +AI d;'
where

(70) al= %

For computer calculations set:

(71) th S5t ".sih + (trn+it|'n)Ho

(72) (Av[éGo'*C!.'*Gz* ---+Q ]= Pra+ipi T (Q.»..‘*iﬁ.'n)H

(73) a+ih=—3 qE lép [§ a+.p) coth§ (a+ip) -l]

(74) c+id= (a+ip) cgthf,(dn‘p +Y

-18-



Then from Eqs.(22), (63) and (69)

(75)

(76)

7)

(78

(79)

(80)

(81)

(82)

(83)

To initiate the calculation set:

(84)

(85)

(86)

(87)

(88)

(89)

Prn = Pran t (al) [Srn
Pn = Pinat + AK) [sin +
8n = Grmy + (a3 1 —
Gin = Qi (a7 [t +

Srm = Srn + Prt aA]

t,hﬂ

Yrne =Ly *Gent cal

tc'.,hﬂ =T t 9in + dA;

=Sin tPint bA;

Peo =303 39

3ro

Qio

Syo

]

n

i

—4(al'8 ¥,

a1V

3 (Ag)’%

By =V 1+ [Tty + (EF1n(B)+5,~n-aT g

£ sn=14]

+2 5, ~3R.(5+nal)]
é

Bon

ti]

.
an

-19-
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Thus the calculation procedure is:

1) preset Pro,Pio “’“tt'o, from Eqs. (84) - (89)
2) set n=0 and calculate Eqs. (80) - (83)
3) advance n by 1 and repeat the cycle Eqs. (75) to (83) to

n=m-1.

H
Having completed the calculation the values of H and of g%' at

K = Ez are:

(90) Hi=Hpp = Ho= St s+ (G4 it ) H, = a,+ b+ (c,+id,)H,

(91) H = ‘%?,M,: al [% GotGFt -~~~ +6,+1G, ] +ta+ib+ (crid) H,
2,3% [P,.,,..,‘l'ip;',,_,*(q.-‘.,,* c'q.-l..,,)H.,] +%AI[( I+ %fh)Hr %g—id&,(§+§,)]+a+.'b+(cﬂ'd)H,,
=q,+ib,+ (C,+id,)H,

where Ho must be determined by combining the journal bearing with the

thrust bearing as shown later.

The journal bearing moment is given by:

Sith v
My=2 &dee‘fg S R cose T, do d,
0

0
or in dimensionless form:

M5 - 13[ ol [ g
LD (R-R) L (v-1)(§ +%,)

k

s +fl% jas |

The first integral can beevaluated from Eq. (58).

92
()é

(93) g"l;' Ldg= E:-'i-ié [(Ho“ %)(g(mp)wmg(dﬁﬁ)_,) +f%dﬁ;§3]

The second integral is evaluated by numerical integration.



The thrust bearing is treated analogous to the journal bearing. A

first order perturbation in @ is used:

P=F +xe TP

i.e., .
P*= R +2ae™ RR
3 R: R
(94) lérsy h -l+3c—: raeTose
3 R. .
(95) ysrénm h = !+3E: raeYose
Set:

R
(96) lér<cy RP= E‘T H+(r) cose
(97) ybreny RP = & H,, (r) cose

and substitute into Eq. (2) to get:

' A Plﬂ _
FF[r dr d -.O 2
Hz ] ( -_3d8
(98) lere rla%[r ‘:lr |- (&+ i%t) Hr=-392 +igPr
dHy] I (4 _ 34B .
o0 yerem gl -G+ BHH=-1EE S Ay
R 2
(109 su= (R &)

and CH— is given by Eq. (4). The solution for Po is given by Eq.(20)
and (21). The boundary conditions for Eqs. (98) and (99) are:

101y r=m Hy,= 7 %H,
H ) /
(102) r=on %TH,,, = -(f—,,) [% ‘%(é’, +§.+§z) * Hn]

CH _ C
(103) r=y HH,J =& HT'J = & H,

-21-




ao ey 40 (&G 0 ]k

(105) r=| Hy =0
where
- * _ dhr
(106) Hz’ HT‘,r:, H2 T odr L:
Let Egqs. (98) and (99) be written:
i H
(107) Ff?[" %l(r—]"'EH‘—‘-F
where: 'd
| l
f TR ek
(108) E-=
I -
L?- —+ 3 K'/:Eéﬁ
(-39 + {¢.Br 4re
(109) F =3
%%{*+th&|" Y4rém
(110) G=EH+F
Integrate Eq.(107) twice to get:
r
dH
(111) H= f xIn(f) Gdx ~+ H"(}r) F’, +H,
4
In finite difference form:
(N d
(112) 04ném-1  H,,=H, +Ar~lh(:h )[z)G +1,G,+-- +r. 6 ]*XI"( ) T
where:
x=L 22
m
(113) Ar =
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y—n-ar y=2r=i
ytnar ysren

For computer calculations set:

(114) =

(115)  Hy= 50+ 055+ (Lt ita) Hy + (v, + tvz) H,

(116) Ar[%JGﬁnGﬁ---ﬂ‘n.G,.] = PeatiPin* (grntige, ) Hy + (i, (w;, ) H,
(117) E=e.tig;

(118) F=£+(f

{O Y2ra|
yu=~30 (&) (E -1y yiren

Y xéufal
(120) b= oV

anf X(c,,) £rs
Therefore:

Vit+grlnn, 2r>)
(121) E’hz

V 1+(dr=qu)ing +a,lnr, Yiren
(122) Crn = '!'—n’

Sr
(123) en={ Fon

Su

Rn

_ -% %f =>r>|
(124) frn= ___g qu Lrs
n

éﬁ'em n 3:5!251
(125) f,.=

O fon 1 Yér<ny




(126)

(127)

(128)

(129)

(130)

(131)

(132)

(133)

(134)

(135)

(136)

(137)

Prn
Pin
Qrn
9in

= Prin- + Ar-r, (Srh €rn—SinCin +Frn)
= Pim-t + 1.8 ot g (Srn €in +Sin €rp +Ft'h)
= ar,n—|+ aAr-r, (tﬂ\ €rn ~tfh en‘h)

= QC,n~|+ Ar'rn(tm e + 'l'i.. e,.,‘)

W,.,‘ = Wr' '\'|+ ar: I"h ( Vr,‘ er.‘ - V.'.. Ein)

Win

= wl h‘l+ Ar' rh (vr" e:h + Vin erl\)

Sent™=Srn T+ In "") Prnta)

Si,mn

7B
3

$in + ln(

To initiate the calculations set:

(138)

(139)

(140)

(141)

Pro = 24T ) oo

Pte

%ro

Weo

=zary f,

= q:o =0
%ArXeN y2r|

1 C
18Ty G ysreg

-
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1

2aryei ;érél
(142) Wi, = e

taryency  yirea
(143) Sro = Sip = tre=tio =V = 0

l y2r2l
(144) Yo=Y ¢

=H

Cr (irén
The calculation procedure is :
1) preset P P, , --- V_ according to Egs. (138) to (144)

ro, io ro

2) set n=0 and calculate Eq.(132) to (137)
3) advance n by 1 and repeat the cycle of Egs. (121 to (137) to

n=m-1.

The calculation for J§ r2| is performed first and results in:

(145) He et = H= Spat (i + (tt i) Hy + (ot iven )H, =0
i.e.,

' _ srm""sfm"' rmt (VA H o .
(146) H, = — t{.-.d(f\fc-...ﬂvm) - =Q3+‘ba+(ca+lda)Hz

The calculation for 34 ?’4’7 yields:
(147) Hyn= Spmt (i F (trnt i i) Hy + (Ve # (Vi ) H, = ay+ib,+ (g +idy)H,
(148) %L; 7.'1' [Ar(%,y(;.,-fr, Gt -=-+n. G....,*%», Gu) +5(a.4 +by H;)]
=#, { PrimeitPit (8 4G ) Hy *lwg g Wy + 0 Ar[(e,,.,ﬂ‘e,-,.,)HH,,+{m+iF,;,]+y(aH+b“H{)}
= Qg+ib;+(Cg+fd5)Hz

To determine H2 Egqs. (101) and (102) apply. Substituting from Eqs. (90),

(91), (147) and (148) gives:
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(149)  a,+ib,+(c+id)H, = » %’ [a+ib,+ (c,+id.)H.,]

sy agribt eovid) =~ (6 Re(G 895 raprib ridh]

Eqs. (149) and (150) may be solved for HO and H Hence, H can be cal-

9
culated by back substitution for the complete bearing. The thrust
bearing moment is given by:

M, =‘2P4R3d\e‘.7( (
2 Jg Jg

or in dimensionless form:

Mr/x - % (Tt CQT xﬂt 1
WV TUbR-RIE ~ V)G € m f R4 T

[ay

p vraln PIJD f"r‘
Ly AVYLs Vi W

i
G(Ha ,
- ridr
R
' ¥
The integrals are evaluated numerically.

The total bearing moment MB is the sum of Egqs. (92) and (151). It may

be expressed by:

Ms/x
(152) 1| D(R-R) 12

= (h)gr'f'(‘hgg)e:r = g CDS(w't‘HP)

where:

(153) mg= V g, + mg;
— ta _':Lm_)

(154) ¢ = tan ( ——

Hence, q’ is the phase angle by which the moment leads the angular

displacement.

Since the angular displacement is e’ the angular velocity is iwote'?

i.e.,
Mg
(159 LLD(R-R)E

- m s . D
= g, de'T+ i iwae'’




Therefore, the angular spring

damping coefficient Ba can be

Ka
156 ELD(R-RIL
(157) J-LDQ()PB&P T T Mg
< %= u)L B

r

coefficient Ka and the angular

expressed by:

= g Cos¢

= h’la Sih?

The last equation may also be written:

D R

Sa____ . 24(V-i)

as8) 2 (B) é

inn
1

' 'B(-
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Eqs. (156) and (157) may be used to determine the response of the

journal due to an external excitation.




-28~

CONCLUSIONS

1.

The combined hydrostatic journal-thrust bearing may be
optimized in the same way as the conventional journal and

thrust bearing.

For equal flow the combined journal-thrust bearing has more
angular stiffness than if the bearings were separated and
fed individually.

i ine source analvysi
imp ine source analysi

[«

values but predicts the flow correctly. The qualitative trend

of the calculated values agrees with experience.

The presented dynamic analysis may be adapted to stability

calculations. One numerical example is given,

Resonant frequency and damping can be calculated from the
presented dynamic analysis. Hence, a vibratory response cal-

culation may be performed.



RECOMMENDATIONS

1.

The analysis may be improved by establishing an equivalence
between line source feeding and point source feeding. Such an
investigation should first be performed on a simpler config-
uration ( for instance, a thrust bearing) and then generalized

to be adapted to the present configuration.

The combined journal-thrust bearing in connection with Millipore

restricted feeding has a very low flow consumption for the attained

17

stiffness. However, even if the stiffness per unit of flow has
been greatly reduced the overall stiffness is probably too low.
Obviously, the stiffness can be increased by a larger supply of
flow but in the present design instability sets a limit, Hence,
it should be investigated how the design and the feeder re-
striction may be modified to ensure higher stiffness without in-

curring instability.

-290-~
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APPENDIX A

PNO109: "Stiffness and Flow of Hydrostatic Combined Journal-Thrust
Bearing"

The IBM 1620 computer program PN0109 calculates the static stiffness
and the flow for the externally pressurized combined journal-thrust
bearing shown in Figure 1. Note, that the program assumes that the
outer portion of the thrust bearing is a pocket with uniform pressure,
i.e. set Cq==cx> in the analysis and in Figure 1.

}e

Below follow the instructions for using the program.

INPUT
CARD 1 (FORMAT 5-(1XE13.6))

The first 6 cards could conveniently be considered a part of the pro-
gram deck itself. Only because changes may be desired occasionally
have they been made a part of the input. However, the 6 cards should
always be filed together with the program deck. Note that the first

6 cards are only given once, i.e. only for the first set of input.

They should not be repeated.

Word 1 This is the ratio of specific heats k, i.e. k = 1.4 for air
Word 2 to 5 These are 4 experimentally evaluated coefficients: as
B,C and D used to establish an equation for the flow through the

Millipore restrictor as: ( )(V )
TR .oz 5. D] (V=RAV-P.+B

where:

M = mass flow through one Millipore restricted
hole, lbs-sec/in

Pa = ambient pressure, psia

\' = pressure ratio Ps/Pa

PS = supply pressure, psia

Pi = downstream pressure divided by Pa

ﬂ?? = effective flow area, in2 (evaluated from test data)

2 2
RT = (gas constant).(total temperature), in" /sec



Examples of values of coefficients:

NASA AB-5 NASA AB-5 NASA AB-3
Sleeve 4 Endplate No.2
(62 ccm/min 59 ccm/min 32.5 ccm/min

at AP=15,Pa=14.6 at AP=15,Pa=l4.6 at AP=15,Pa=l4.7

a= 1.183°1072 1.161:1072 .985-107>
a_ = 3.8918 3.859 7.296

B = 1.406 1.2674 2.088
cpsi H=  .1007 .108 .1007
D(psia) = -.335 -.40 -.335

Since both C and D have dimension it is actually not possible to
calculate a dimensionless performance of the Millipore bearing by

this program.

The only justification for the given equation is that it fits the
experimental data very well. From a formal point of view one would
expect the Millipore restrictor to behave as a laminar restrictor

such that the flow could be written:

— EPAZ_ _ ot {bs -sec
M= ]6/‘a]'L (‘V F}) in

where

Z = equivalent length of flow passages, inch.
and the other symbols are explained above. This expression has been
tried and it was found that the ratio a4/l depends strongly on the
ambient pressure. Hence, there seems no immediate advantage of

abandoning the first equation.

CARD 2 to 6 (FORMAT 5-(1XE13.6))

These 5 cards give 25 values of the vena contracta coefficient v. ¥V
is assumed to be 1 for the choked orifice. For pressure ratios larger
than the critical ratio ¥ becomes a decreasing function of the pressure

ratio Pi/V' The interval from Pi/V = (Pi/V) to Pi/V=1 is sub-

critical
divided into 25 divisions. Vv is given at every point starting from the

first point after (Pi/V) and with the 25'th value at Pi/V=1.

aritical
As an example the list below gives the vena contracta coefficient as

evaluated for a NASA AB-5 orifice bearing. The gas is air:
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P_i v P_l v Pi v
v v \)
.54715 .9985 .69810 .9623 .84905 .9130
.56602 .9955 .71697 .9570 .86792 .9046
.58489 .9915 .73584 .9516 .88679 .8950
.60376 .9871 . 75471 .9460 .90566 .8836
.62263 .9824 .77358 .9402° .92453 .8690
54149 .9776 .79244 .9341 .94339 8477
.66036 .97206 L8L131L .9276 .96226 .8105
.67923 L9675 .83018 .9206 .98113 .7360
1,00000 .6000

The number of significant figures is not justified from the test
data and serugs only the purpose of ensuring a smooth derivative
when used in the program. B -

A
CARD 7 |

Any text may be given in column 2-52., This card is used to identify

“the particular calculation.

CARD 8 (FORMAT 6°(1XI4),13XE13.6)

Word 1 1is denoted NV. If a dimensionless calculation is performed
(i.e. MDIM=0) NV gives the number of pressure ratios V in the V-list,
see later. V is the ratio between supply and ambient pressure, both

in psia. 1In this case NV<20. If a calculation with dimensions is per-
formed (MDIM=+1) NV gives the number of pairs of PS,Pa in the V-list..

Since the V-list can take a maximum of 20 values NV<1O0 in this case.

Word 2 is denoted IMB. It gives the values of words in the Ag-list
for both types of calculation. Note: IMB<Z20.

Word 3 is denoted MDIM. It is used for two purposes. If MDIM=0 the

calculation is dimensionless and the input must be given accordingly.
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If MDIM%( the calculation is with dimensions. If MDIM=-1 the As-list
(see later) gives values of the orifice radius,a, whereas word 1, card 10,
gives the radial clearance C. If MDIM=+1 the Ak-list gives values of C
and word 1, card 10, specifies a. This feature allows for a convenient
way of optimizing the bearing stiffness (i.e. to obtain the stiffness

as a function of either clearanceor orifice radius) without an ex-

cessive amount of input data.

-34_

Word 4 If 0, the feeding holes are orifice restricted. If 1, the feeding holes

are Millipore restricted

Word 5 The bearing and the feeder hole flow are matched by a numerical
interpolation as described in principle in the analysis, page . The
difference between the two flows is calculated step by step as a function
of the pressure ratio across the feeder. When the difference changes sign
a final interpolationis used to establish the actual pressure ratio. The
steps in this calculation will be given in the output if word 5 is 1.

If the word is O no such output is given. Only in exceptional cases are

these results of any value, i.e. in general word 5=0.

Word 6 If 0O, one or more input cases follow the present one. If 1,

this is the last set of input.

Word 7 1is a '"fudge" factor, denoted pressure correction factor, by
which the parameter ¥ is multiplied. For no effect, set the word equal

to 1.0 which is the general case.

As a further explanation it should first be noted that ¥ expresses the
slope of the orifice flow versus orifice pressure ratio relationship at
the pressure ratio corresponding to the concentric position. Since the
analysis is based on the assumption that the displacement away from the
concentric position is small it is seen that the magnitude of ¥ is an
important factor in determining the circumferential pressure variation

and, therefore, the load. When the pressure ratio across the feeder
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becomse close to 1, ¥ becomes very large and experience has indicated

that the orifice equation as used in the present program is not accurate
enough. Hence, the program provides for a correction factor. Under the
above stated conditions a pressure correction factor of 2 has been used

occasionally but the practice lacks any formal justification,

DIMENSIONLESS CALCULATION (MDIM=0)

CARD 9 (FORMAT 5-(1XE13.6))

TTmaed 1 2, ¥ - T e o I - T . L T
A K S S T ) .ul diiCe vetLweell ilceeuling pldanes dnd U 1s

3
<
[d
[
q
[
'—l

’.h
n
£u
PI
]
cr

the journal diameter.

Word 2 is L2/D where L2 is the total length outside the feeding planes,

i.e. L2 =L - L1 where L is the overall journal bearing length.

Word 3 is = R/R2 where R = D/2 and R, is the inner radius of the thrust
bearing. Note = ¥ 1.

Word 4 is 7'= R1/R2 where R, is the inner radius of the thrust bearing

1
pocket. If it is desired to calculate the journal bearing without the

thrust bearing set z’= 1 and 1 may have any value as long as 1 F 1.

Word 5 is C /C where C 1is the thrust bearing clearance and C is the radial

T T
journal bearing clearance. If no thrust bearing is desired set CT/C = 1.

y-LIST (FORMAT 5°(1XE13.6))

The cards making up the V-list (maximum 4 cards, 5 words per card) give the
values of the pressure ratio V = PS/Pa. PS is the supply pressure, psia and

Pa is the ambient pressure, psia.

A, -LIST (FORMAT 5-(1XE13.6))

The Aé-list gives the values of the feeding parameter A%' With 5 words per

card a maximum of 4 cards can be given. A.S is defined as:
..A. - .A.t - 6'[4 Naz\RT
sV T RC3

where RT is inz/secz. ( vdzT = 1.15°104 for air at 70°F)
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CALCULATION WITH DIMENSIONS (MDIM= i 1)

CARD 9 (FORMAT 5-(1XE13.6))

Word 1 gives the journal diameter D , inch
Word 2 gives the length between feeding planes Ll’ inch
Word 3 gives L2=(L-L1) where L is the total journal bearing length, inch.

Word 4 gives the inner radius of the thrust bearing pocket Rl’ inch.
Noted: R D/2.

Word 5 gives the inner thrust bearing radius R2, inch. If the thrus
bearing is not wanted, set R; = R, but such that R ¥ D/2. Note: R, ¥ 0.

CARD 10 (FORMAT 5-(1XE13.6))

Word 1 is used for two purposes. If MDIM=-1, word 1 is the radial
journal bearing clearance C,inch. If MDIM=+l, word 1 is the orifice

radius a, inch. An explanation is given in the comments to the Ag- list below.
Word 2 is the thrust bearing clearance CT’ inch.

Word 3 is the total number of orifices (both feeding planes), denoted N.

It is in floating point.
Word 4 is the gas viscosity u, lbs-sec/in2

Word 5 is the gas constant times the total temperature RT, inch.

V-LIST (FORMAT 5-(1XE13.6))

The V-list gives the pairs of (PS,Pa) where PS is the supply pressure, psia,
and Pa is the ambient pressure,psia,i.e.the list: PS, Pa’ PS, Pa’ -—-.
Since the V-list can contain a maximum of 20 items a maximum of 10 pairs

may be listed.

AE-LIST (FORMAT 5°(1XE13.6))

If MDIM=-1, the A%-list gives values of the orifice radius a, inch. If

MDIM=+1, the list gives values of the radial journal bearing clearance C1

inch. The purpose of this option is to facilitate design calculations.



In the initial design stages most of the bearing dimensions are given
and it remains to select either the clearance or the orifice radius
such that the bearing is optimized, i.e. that the stiffness is maxi-
mum for the given supply pressure. Hence, the Aé-list allows for
calculating the stiffness as a function of either a or C with

only; one set of input data.

OUTPUT
The ocutput values are identified by text of which many is self-ex-

planatory except for the following comments:

MO is the dimensionless orifice flow m , See Eq. (8) where Pi=Po,i.
Note, that the total bearing flow MT= NnaZPSmO/ R T lbs-sec/in.
POCKET PR is the pressure in the thrust bearing pocket divided by the
ambient pressure.

ORIF, PR. is Po,i, i.e. the orifice downstream pressure divided by the

ambient pressure, (concentric journal).

V.C.COEFF is the vena contracta coefficient Vv used to calculate m
SLOPE is ¥ as given by Eq. (19).

Q2 is B4 as given by Eq. (41) with Cﬁ=oo

END INT is the value of the dimensionless integral in Eq. (47) (CHécz>)
CTR INT is the value of A2 tanh gl/PO,i in Eq. (47) (CH=-°)

LAND INT is the value of the first integral in Eq. (48) (CHfOO)

POCKET INT is the value of the second integral in Eq. (48) (CH=oo)

Pl gives the value of the perturbed pressure P, at the orifice. P1 is
defined by Ey. (9) and is made dimensionless with respect to Pa. The
value of Pl may be used to estimate the maximum eccentricity ratio for
which the calculation is valid. Since the total pressure at the orifice

is Pi = Poi + €P. cos6 and the pressure can neither exceed the supply

1
pressure nor go below the ambient pressure, then

Poi-1

€ =
max

..37_
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DIM.J-FRC is the dimensionless journal bearing stiffness by Eq. (47)
DIM.T-FRC is the dimensionless thrust bearing stiffness by Eq. (48)

DIM.FIW is the dimensionless mass flow q, see E§4. (25). The total bearing
flow can then be computed from Eq. (49).

D(FIW) is the dimensionless flow change through the thrust bearings,

see Eq. (51).

ggiz_ is the pressure ratio across the orifice

J-LOAD is the journal bearing load, lbs, for e=1 based on a linear
load-displacement curve.

J-STIFF is the
TH- I.OAD is combined thrust bearing load, lbs, at €~ 1 based on a linear
load-displacement curve.

TH-STIFF is the combined thrust bearing stiffness, lbs/in.

WI.FLOW is the total bearing mass flow, l1bs/sec.

D(WT.FIW) is the change in mass flow through the thrust bearings, i.e.
MM from Eq. (51), lbs/sec.

SCFM 1is the bearing flow in SCFM

D(SCFM) is AM in SCFM

CCM/M is the bearing flow in ccm/min

D(CCM/M) is AM in ccm/min.

OPERATING INSTRUCTIONS

The program is written in FORTRAN 1 for the IBM 1620 computer, 40,000
bits storage. The program deck does not include the subroutines. The

input and output are given on cards.
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INPUT FORM

PNO109: '"'STIFFNESS AND FLOW OF HYDROSTATIC COMBINED JOURNAL-
THRUST BEARING'

Card 1 FORMAT 5-(1XE13.6)

.1 k, Ratio of Specific Heats (k=1.4 for air)

.2 a
o
.3.B
4.C psi'-l gillipor? coefficients, see input
instructions. These coefficients not
5.D psi used in the orifice bearing calculation
g but required in input.

Caxd 2 to 6 FORMAT 5 (1XE13.6)

These 5 cards give the 25 values of the vena contracta coefficient

-EL ).g__ ={--
critical’ (1 @ eriticar/ 25 » =17725-
For details, see instructioms. Note: Card 1-6 are only given with first

Q such that Vn applies at: (%L)

set of input.

Card 7 Text, Col, 2-52

Card 8 FORMAT 6° (1XI4), 13XE13.6

. . < 20(for V)
1. NV: No. of pressureratiosVor o pairs of (PS,Pa). NV EIO(for Ps’Pa)

2. IMB: Number of AéS or of a/C in list. IMB < 20
3. MDIM: -1: Ab-list is a; item 1, Card 10 is C
0: Dimensionless calculation, Ab-list is Z\.S
+1:<As-list is C; item 1, Card 10 is a
4. 0: Orifice restriction 1: Millipore restriction

5. 0: No output of flow interpolation 1: Output given of flow inter-
polation.

6. 0: More input follows 1: last set of input

7. Pressure correction factor. In most cases equal to 1.0




DIMENSTONLESS CALCULATION

MDIM=0)

Card 9 FORMAT 5-(1XE13.6)

V-LIST:

List as

A -LIST
s

List as

1.

2.

>

Ll/D: Ratio of distance between feeding
planes over journal diameter

L2/D: Ratio of total length outside feeding
planes over journal diameter

R . s . .
= : Ratio between journal radius and inner

Tl:
2 radius of thrust bearing
-7 = Rl/RZ: Ratic between pocket radius and iomer
radius of thrust bearing

. C./C: Ratio between thrust bearing clearance

T and radial journal bearing clearance

FORMAT 5-(1XE13.6)

many pressure ratios vV as given by NV, 5 values per card

FORMAT 5- (1XE13.6)

many feeding parameter A.S as given by IMB, 5 values per card

CALCULATION WITH DIMENSIONS

(MDIM=+ 1)

Card 9 FORMAT 5-(1XE13.6)

1. D: Journal diameter, inch

2. L.,: Length between feeding planes, inch

1
3. L,: Total length outside feeding planes, inch

2
(Ly=L¢ 5ra1 L)

Inner pocket radius, inch

~
~ ®

Inner thrust bearing radius, inch
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Card 10 FORMAT 5-(1XE13.6)

1. 1f MDIM=-1: Item is radial journal bearing
clearance C, inch.

If MDIM=+1: Item is orifice radius a, inch.

. CT: Thrust bearing clearance, inch

N: Total number of feeding holes

M: Viscosity, 1bs-sec/in2

wm P wN
L I

R T: (Gas constant)(Total temperature), lbs-in/lbs.

V-LIST FORMAT 5-(1XE13.6)

List as many pairs of (PsPa) as given by NV, 5 words per card. Maximum 4 cards.

AS-List FORMAT 5.(1XE13.6)

List as many words as given by IMB, 5 words per card. Maximum 4 cards.
If MDIM=-1, the list means orifice radius a, inch

If MDIM=+1, the list means radial journal bearing clearance C, inch
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APPENDIX B

PNO135: Angular Dynamic Stiffness of Hydrostatic Combined
Journal-Thrust Bearing

The IBM 704 computer program PNO135 calculates the dynamic angular
stiffness and damping of the externally pressurized combined journal-

thrust bearing shown in Fig. 1.

Input

The first 6 cards are as described in the input instructions for PNO109,.
The format is (1P5E14.6). For a particular calculation the first 6 cards

are only given as input once and not repeated in each following input set.

Card 7 and 8

Any text may be given in column 2-72. These cards are used for identi-

fication purpose.

Card 9  FORMAT (8I5))

Word 1, is NCTC, the number of CT/C - ratics in the CT/C-list, Fig.l.NCTC<L 50.
Word 2, is NCH, the number of CT/CH - ratios in the CT/CH-list, Fig.l.NCHS50.
Word 3, is NVEE, the number of pressure ratios V in the V-list, NVEES50.
Word 4, is NLAM, the number of feeding parameters A.s in the Ag-list.NLAMSIOO.
Word 5, is NSIG, the number of frequency numbers O in the 0-list; NSIG<L100
Word 6, is NFD. If NFD=0, the bearing is orifice restricted. If NFD=1,
the bearing is Millipore restricted.

Word 7, is MT, the number of finite difference subdivisions in both journal

bearing and thrust bearing. MI=10 or even smaller should

be adequate. MI<50
Word 8, is INP. If INP=0, one or more input sets follow the present set.

If NFD=1, the present input set is the last one.

Card 10 (FORMAT (1P4E15.7))

Word 1, is LZ/D' L2=L-L1 where L is the total journal bearing length and

L1 is the distance between feeding planes. D is the journal diameter.

Note: L2/D + 0.
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Word 2 is Ll/D° Ll/D may be zero if there is only a single feeding
plane.

Word 3 is R/R2 where R is the journal radius (R=D/2) and R, is the
inner thrust bearing radius, see Fig. 1 Note: R/Rzz# 1.

Word 4 is RI/RZ where R, 1is the inner radius of the pocket in the

1
thrust bearing. If it is desired to calculate the journal
bearing without a thrust bearing set R1/R2=1, R/R2 = 1.001

and CT/CH = 50.

CT/C-LIST (FORMAT (1P4E15.7))

Give as many values of CT/C as specified by NCTC (word 1, card 9)
4 values per card. A maximum of 50 wvalues is allowed.
C. is the thrust bearing clearance at the land and C is the radial

T
journal bearing clearance, see Fig. 1; Note: CT/C#=O.

CT/CH-LIST (FORMAT 1P4E15.7))

Give as many values of CT/CH as specified by NCH (word 2,card9)
4 values per card. A maximum of 50 values is allowed.
T
of the pocket in the thrust bearing (i.e.pocket depth plus CT)’ see
Fig. 1. Note: CT/CH*O.

C,. is the thrust bearing clearance at the land and CH is the clearance

V-LIST (FORMAT (1P4El15.7))

Give as many values of the pressure ratio V as specified by NVEE (word 3,
card 9) 4 values per card, ‘@ maximum of 50 values is allowed.

V=Ps/Pawhere PS is the supply pressure, psia, and Pa is the ambient pressure,psia.

AB-LIST (FORMAT 1P4E15.7))

Give as many values of the feeding parameter 1\.S as specified by NLAM
(word 4, card 9), 4 values per card. A maximum of 100 values is allowed.

A = A_/V so that
[ t

- eéﬂrucfdi?F
J&s R c3




where:

bl

p = gas viscosity, 1bs-sec/in2 (;.L=2.83-10_9 for air at 70°F)
RT = (gas constant)(Total temperature), inz/sec2 ( QT=1.322-108 for air

at 70°F i.e. Y&RT= .
1.15.10% for air at 70 F)

N = total number of feeding holes (includes both feeding planes)

a = orifice radius, inch

C = radial journal bearing clearance, inch

P = supply pressure, psia.

o~LIST (FORMAT (1P4E15.7))

Give as many values of the frequency number o as specified by NSIG (word 5,

card 9), 4 values per card. A maximum of 100 values is allowed. The fre-

quency number is defined as:

- (g

. \C

where: 2

{4 = gas viscosity, lbs-sec/in

w = vibratory frequency, rad/sec

Pa= ambient pressure, psia

R = journal bearing radius, inch

C = journal bearing radial clearance, inch
OUTPUT

The output first lists the input of Card 9 and the Millipore and orifice

coefficients. Thereafter follows the results of each calculation. Each

output value is labeled and an explanation is given below except where the

description is self-explanatory.

L/D is the ratio of total journal bearing length to journal diameter,

L/D = Ll/D + L2/D

ORIF.PR.RATIO is the pressure ratio across the orifice PO./V

DIM.MOMENT is the dimensionless total dynamic moment

2
MB/ELD(PS Pa)L Q) where

M_ is the total dynamic moment,lbs/in (journal and thrust bearing) and a is the

B

angular displacement, radians,see Egs. (152) and (153).
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PHASE ANGLE is the angle,degrees, by which the total dynamic moment HB
leads the angular displacement, i.e. ? in Eq. (154)
DIM,STIFFNESS is the dimensionless dynamic stiffness Kak%LD(PS-Pa)LZ)

where K is the stiffness in lbs-in/rad, see Eq. (156)

DIM.DAMPING 1 is the dimensionless damping mng%LD(PS-Pa)LZ) where
B, is the damping in lbs-in-sec/rad, see Eq.(157)
DIM.DAMPING 2 is another form of the dimensionless damping, namely

B /(uL3(%'3). The advantage of this form is that it is independent

a
of frequency explicity. Note, that for o = 0 this item is given the
arbitrary vaiue zero which is in general incorrect. To evaiuate the
damping at ¢ = 0, set 0 = ,05 or some other small value.

DIM.DAMPING 3 is again another form of the dimensionless damping, namely
BaNAFVEFf/(L3D3(PS-Pa)). The same comments as above apply.

DIM.JRNL.MMT is the dimensionless dynamic moment contributed by the
journal bearing MJ/(%LD(PS-Pa)L%J) where MJ is the journal bearing
moment, lbs-in, see Eq.(92)

DIM.THR.MMT.1 is the dimensionless dynamic moment contributed by the
thrust bearing MTKéLD(PS-Pa)L%J) where MT is the thrust bearing moment,
lbs-in, see Eq. (151). Note: the moment derives from two thrust bearings.
DIM.THR.MMT.2 is another form of the dimensionless thrust bearing moment,

namely MT/(% ﬂ(Rg-Rg)(PS-Pa)R%J), to facilitate comparison with previously
T

obtained thrust bearing calculations.

JRNL. PHASE ANG is the phase angle by which the journal bearing moment M.J

leads the angular displacement, i.e. analogous to @ in Eq. (154).
THR.PHASE ANG is the phase angle by which the thrust bearing moment HT

leads the angular displacement, i.e. analogous to @ in Eq. (154).
Q is the flow parameter q, see Eq. (25). It may be used to calculate the

total mass flow:

_ wcip?
Mista = A )uoz?r 4

where RT is in inch ( RT= 342,500 in. for air at 70°F)




DIM.FIOW is another form of the dimensionless flow. It is actually the
dimensionless orifice mass flow m , see Eq. (8). Hence, the total mass

flow becomes:
2
. NTaE Lbs-sec
Mto‘ta( - \Jm m, (n
QH is the pocket flow parameter Qs See Eq. (24)
QT is the thrust bearing land flow parameter qps See Eq. (24)

ORIF.FILW.FCT is the orifice flow-pressure parameter 1y, see Eq. (19)

VENA CONTR. is the vena contracta coefficient. For the Millipore restriction

it is set equal to zero.

RE(HD) is QE{PQ} ; see Eg.

(62)
. 9 fH 1 - PN P N
IM(HO) is Mmltl§ , see Eq. (62) and (149)-(150)

RE(H2) is Re{Hp} . see Eq. (106) and (149)(150)
mm2) is Im{Hy}, see Eq. (106) and (149)-(150)
RE(H2P) is &c{Hé}, see Eq. (106) and (146)
m@u2p)is Im{Hy}, see Eq. (106) and (146)

In general, the only results of interest are the dynamic stiffness and

the damping coefficient.

OPERATING INSTRUCTIONS

The program is written in FORTRAN 2 for the IBM 704 computer with 32,767

word storage. Input is on cards and output is given on tape 3. The program
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does not use sense switches. However, the MTI-deck is compiled at LSTGS8G, i.e.

sense switch 1 and 2 down. The final stop is at 5‘538 . The computer

time may be estimated from

Time = 2.NCTC.NCH.NVEE.NLAM.NSIG seconds

This estimate is based on MI=10. In addition, allow approximately 1 minute

for reading in the program deck.




INPUT FORM

PNO135: '"ANGULAR DYNAMIC STIFFNESS OF HYDROSTATIC COMBINED JOURNAL-
THRUST BEARING for IBM 704 Computer

Card 1 FORMAT (1P5E14.6)

1. k, Ratio of specific heats

2- 2 Millipore coefficients, see input in-
3. B structions. These coefficients do not
apply for orifice calculation but is
4, C*P / X .
al required in the input
5. D/P_

Card 2-6FORMAT (1P5E14.6)

These 5 cards give 25 values of the vena contracta coefficient Vv such

Pi
11 : ==
that v, applies at (V )

%—, n=1,2---25.

+ (l-(%i)critical) 5

critical

For details, see instructions.

Card 7 Text Col. 2-72

Card 8 Text Col. 2-72

Card 9 FORMAT (8I5)

7.
8.

NCTC, number of CT/C-values in CT/C-List,NCTC§5O

NCH, number of CT/CH-values in CT/CH-List.NCH§§O

NVEE, number of V-values in V-list, NVEESS0

NLAM, number of AS Values in As-list. NLAM < 100.

NSIG, number of o-values in o-list, NSIGZ 100

NFD. NFD=0, Orifice restriction. NFD=1, Millipore restriction
MT. number of finite difference subdivisions. MT<50

O: More input follows l:last input set

Card 10 FORMAT (1P4El15.7)

1. L,/D.Ratio of journal bearing length outside

feeding planes to journal diameter.

2. L./D.Ratio of length between feeding planes

to0 journal diameter

-47-
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3. R/R, Ratio of journal radius to inner radius

of thrust bearing.

4. R. /R, Ratio of inner pocket radius to inner

radius of thrust bearing.

CT/C-List FORMAT (1P4E15.7)

List as many CT/C-values as specified by NCTC, 4 values per card.

cT/c + 0.

FT/CH-LisL FORMAT {1P4E15.7)

List as many CT/CH-values as specified by NCH, 4 values per card. CT/CH'* 0.

V-List

List as

A -list
s _

List as

o-List

List as

FORMAT (1P4E15.7)

many pressure ratios V=PS/Pa as specified by NVEE, 4 values per card.
FORMAT (1P4E15.7)
many feeding parameters A% as specified by NLAM, 4 values per card

FORMAT (1P4E15.7)

many frequency numbers ¢ as specified by NSIG, 4 values per card
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Fig. 1

GEOMETRY OF COMBINED JOURNAL-THRUST BEARING
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NOMENCLATURE

Orifice radius, inch

Millipore coefficients

Angular damping coefficient, 1bs-in-sec/rad
Radial journal bearing clearance, inch
Clearance in thrust bearing pocket, inch
Clearance at thrust bearing land, inch
Journal bearing diameter, inch
Filmthickness divided by radial clearance
Thrust bearing filmthickness divided by CT
Axial stiffness, lbs/inch

Angular stiffness, lbs-inch/rad.

Radial stiffness, 1lbs/inch

Ratio of specific heats

Journal bearing length, inch

Distance between feeding planes, inch

L-Ll, i.e.length outside feeding planes, inch
Mass flow, lbs-sec/in.

Total mass flow, lbs-sec/in.

Dynamical journal bearing moment, lbs-in.
Dynamical thrust bearing moment, lbs-in.

Total dynamical moment, lbs-in.

Dimensionless orifice flow, Eq. (8)

Dimensionless orifice flow in concentric position
Total number of feeding holes

Gas film pressure, atm.
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Ambient pressure, psia

Supply pressure, psia

Film pressure for concentric position divided by Pa

Pressure due to radial displacement, divided by Pa

Pressure due to axial displacement, divided by Pa

Downstream orifice pressure, divided by Pa

Downstream orifice pressure for concentric position,divided by Pa
Dimensionless flow parameter

Dimensionless flow parameter for thrust bearing pocket
Dimensionless flow parameter for thrust bearing
Journal radius, inch

Inner pocket radius, inch

Inner thrust bearing radius, inch

(Gas Constatn) (Total temperature), inz/sec2
Radial coordinate for thrust bearing, divided by R2
Time, seconds

PS/Pa, pressure ratio

Axial load, 1bs.

Radial load, lbs.

Angular displacement, radians

Coefficients given by Eq..(60) and (61)

R, /R,

Journal bearing eccentricity ratio

Axial displacement divided by CT



Axial coordinates for journal bearing, divided by R. See Fig. 1
R/R2
Circumferential angular coordinate, radians
Feeding parameter ,see Eq. (6)
At/V

. , . 2
Gas viscosity, lbs-sec/in

Vena contracta coefficient

Frequency number, see Eq. (3)

Orifice parameter, see Eq. (19)

Frequency, rad/sec



